The balance between the innate immunity of the host and the ability of a pathogen to evade it strongly influences pathogenesis and virulence. The two nonstructural (NS) proteins, NS1 and NS2, of respiratory syncytial virus (RSV) are critically required for RSV virulence. Together, they strongly suppress the type I interferon (IFN)-mediated innate immunity of the host cells by degrading or inhibiting multiple cellular factors required for either IFN induction or response pathways, including RIG-I, IRF3, IRF7, TBK1 and STAT2. Here, we provide evidence for the existence of a large and heterogeneous degradative complex assembled by the NS proteins, which we named "NS-degradasome" (NSD). The NSD is roughly ~300-750 kD in size, and its degradative activity was enhanced by the addition of purified mitochondria in vitro. Inside the cell, the majority of the NS proteins and the substrates of the NSD translocated to the mitochondria upon RSV infection. Genetic and pharmacological evidence shows that optimal suppression of innate immunity requires mitochondrial MAVS and mitochondrial motility. Together, we propose a novel paradigm in which the mitochondria, known to be important for the innate immune activation of the host, are also important for viral suppression of the innate immunity.
Introduction
Mitochondria are essential for triggering the cellular innate immune responses against invading pathogens, such as viruses. In the predominant pathway, virally generated RNA acts as a pathogen-associated molecular pattern (PAMP) and activates cytosolic RIG-I-like RNA helicases (RLRs), which then dock to the mitochondria via mitochondrial antiviral signaling adaptor (MAVS; also known as IPS-1, Cardif or VISA) [1] [2] [3] [4] . This subsequently activates a signaling cascade that results in the phosphorylation and nuclear translocation of the interferon (IFN) regulatory factors, IRF3 and IRF7, leading to the induction of type I IFN (IFN-α and -β) expression, the major antiviral defense weapon of the cell [5, 6] . The released IFN activates the IFN response pathway via Jak/ STAT signaling, leading to the induction of the expression of a large family of cellular antiviral genes [7] [8] [9] .
Viruses, especially RNA viruses, whose RNA products can potentially function as PAMPs, have also evolved strategies to antagonize the type I IFN signaling pathways; this allows them to grow robustly and generate the immunopathology that is a characteristic of the viral infection [10] [11] [12] . Of particular importance are viruses of the Paramyxoviridae family that includes many clinically important viruses such as measles virus, mumps virus, parainfluenza viruses and respiratory syncytial virus (RSV). With the sole exception of pneumoviruses, members of this family produce IFN-suppressor proteins such as V, W and C through co-transcriptional RNA editing of the viral P gene [10, [13] [14] [15] . Pneumoviruses, represented by RSV, do not use RNA editing; instead, they uniquely encode two nonstructural (NS) proteins, NS1 and NS2, which strongly suppress both IFN induction and IFNresponse pathways by inhibiting or degrading a number of signaling proteins involved in these two pathways [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , and thus act as essential virulence factors [30] [31] [32] . In pursuing the mechanism by which the NS proteins target such a diverse array of immune proteins that share little or no sequence identity, we wondered whether there is a common location of NS proteins and their targets. This led to the current discovery that NS proteins assemble a large degradative complex on the mitochondria, in which all the NS targets could be found. Furthermore, we studied the properties and dynamics of this complex and documented that the mitochondria, specifically mitochondrial MAVS, play a cardinal role in viral suppression of the innate immunity in addition to their traditional role in immune activation, which constitutes a novel paradigm in immune regulation upon viral infection.
Results

An expanding list of cellular innate immune proteins targeted by RSV NS proteins
We and others [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] have recently shown that NS1 and NS2 inhibit and/or degrade a number of proteins of the IFN induction and response pathways. We have since screened other members of these pathways, confirmed and extended the repertoire of NS targets to include: RIG-I, TRAF3, IKKε, IRF3, IRF7 and STAT2 ( Figure  1A ). These results also reveal that although NS1 and NS2 display some preferences, there is a significant degree of overlap in their targets. The inhibitory activity is nonetheless specific, as the expression levels of MAVS, LGP2, STAT1, TRIF, MyD88 and numerous IFN signaling-unrelated cellular proteins that we have tested, such as L13a ( Figure 1A ), actin [28] , GAPDH and SP6 (data not shown), were not affected by the ectopic expression of NS1 and/or NS2. We proposed that this is indicative of the ability of NS proteins to form specific degradative complex(s), which we set out to study.
To verify that the degradation of NS targets is not an artifact resulting from the overexpression of the recombinant NS proteins, we performed similar experiments in cells infected with RSV and mutant RSV lacking NS1, NS2 or both. Indeed, results of immunoblotting (Figure 1B) were consistent with the roles of NS1 and NS2 deduced from experiments using recombinant proteins ( Figure 1A ). For example, wild-type (WT) RSV, which has both NS genes, degraded all three targets examined, namely RIG-I, IRF7 and STAT2. However, RSV∆NS2, which contains NS1, but not NS2, degraded RIG-I and IRF7 but not STAT2. Reciprocally, RSV∆NS1, which contains NS2, but not NS1, degraded STAT2, but left The experiment was performed as described previously [28] . A549 cells in 24-well plates were transfected with 0.6 µg of the indicated recombinant plasmids of various targets (shown on left) and 0.6 µg of either the vector (pCAGGS), or pCAGGS-NS1 or pCAGGS-NS2, or both. At 24 h post transfection, total proteins were analyzed by immunoblotting with one of these primary antibodies: V5 (IRF3), HA (MAVS, L13a), LGP2, and FLAG for all the rest. The relative degradation degree of each target by NS1 or NS2 is indicated on the right. npg RIG-I and IRF7 intact. RSV infection exhibited no effect on MAVS, which was also shown to be a non-target in Figure 1A .
The minimal NS degradasome is a heterogeneous complex of 300-750 kD
We co-transfected A549 cells with NS1-and NS2-expressing plasmids [27, 28] , harvested cell-free extracts 20 h later using a non-denaturing buffer and subjected them to size fractionation using a Superdex 200 10/300 GL resin pre-calibrated with size markers, as described in the Materials and Methods. Substantial amounts of NS1/2 proteins (roughly 60% of the total) were found in the void volume, but we did not characterize the fraction of the void volume further due to its crude nature and the likely presence of multiple large cellular structures such as cell membranes and intracellular organelles. The column fractions were assayed in vitro for their degradative activity towards immunoprecipitated FLAG-tagged human STAT2 that was also overexpressed in the A549 cells. A broad range of fractions with obvious STAT2-degrading activities were indeed detected (#16-22, Figure 2A) , indicating that the complex is relatively large with a size range of approximately 300-750 kD. No such activity could be detected in similarly processed extracts harvested from vector-transfected (no NS) cells (data not shown). Both NS1 and NS2 could be detected in the active fractions (#16-22, Figure 2A) , with a small amount detected in the low-molecular-weight fractions (#40-42, Figure 2A ), indicating that most of the NS proteins in the column fractions are part of the large complex. We named the pool of the active fractions (#16-22, Figure  2A ) "NS degradasome" or NSD and proceeded to define its properties.
NSD is metastable and its activity is enhanced by the presence of MAVS
+ mitochondria We routinely observe 60% -90% degradation of endogenous STAT2 upon transient transfection of optimal amounts of NS plasmids (ex vivo) ( Figure 1) ; however, in our initial screening of the degradative activities of the NSD fractions in vitro, NSD degraded only about 50% STAT2 (#16-22, Figure 2A ). When we tested the kinetics of the degradation, the pooled NSD fractions (#16-22, Figure 2A ) were found to be active for only about 15 min ( Figure 2B ). As we and others have recently found that a large portion of NS proteins are localized to the mitochondria [17, 27] , we speculated that mitochondrial association may be required for optimal NS functionality. However, as the purified NSD complex is ~300-750 kD in size, it cannot accommodate mitochondria; and thus, any mitochondria associated in vivo may have been dissociated from the complex during chromatography. This was confirmed by the absence of mitochondrial proteins Cox-1 and LetM1 in the NSD fractions as demonstrated by immunoblotting (data not shown). To test whether addition of mitochondria could enhance NSD activity, we supplemented the reaction with purified mitochondria and found that the supplementation indeed allowed the NSD degradative activity to last longer, leading to nearly 80% degradation of STAT2 over 30 min ( Figure 2B ). Mitochondria alone had no effect on STAT2 stability. Interestingly, mitochondria purified from MAVS knockout (KO) cells did not enhance NSD activity ( Figure 2B ) and neither did the affinity-purified MAVS proteins (data not shown). Thus, it appears that mitochondria enhance the degradative activity of a metastable NSD complex by employing the mitochondrially located MAVS as an adaptor or a scaffold.
To further establish the authenticity of the reconstituted mitochondria-NSD complex, we tested whether its target profile matches that of the NS proteins overexpressed in the A549 cells. Indeed, the in vitro reconstituted mitochondria-NSD complex degraded immunoprecipitated RIG-I, TRAF3, IKKε, IRF3, IRF7 and STAT2 but not MAVS, STAT1 and L13a ( Figure 2C To verify that the assembly of NSD is not an artifact resulting from the overexpression of recombinant NS proteins, we performed similar fractionation in RSVinfected cells. As shown in Figure 2D , an NSD complex of similar size was indeed detected; furthermore, its substrate specificity was also comparable to that of recombinant NS-assembled NSD, as shown by using RIG-I and MAVS as a representative substrate and non-substrate, respectively ( Figure 2D ). Finally, we detected the presence of alpha 2 (α2) subunit of the 20S core proteasome in both RSV-and recombinant NS-assembled NSDs by immunoblotting (Figures 2A and 2D ). However, it is interesting to note that the NSD degradative activity was only partially sensitive to MG132, a specific proteasome inhibitor. As shown in Figure 2B , MG132 reduced the activities of NSD by about 50% (compare the filled circles and diamonds with the unfilled ones). Thus, it is possible that the complex contains non-proteasomal proteases, which may contribute to the optimal degradative activity of NSD.
NSD-substrate complex associates with mitochondria in an MAVS-dependent manner
If mitochondria act as the site of NSD assembly and function, one would anticipate that NSD substrates need to associate with mitochondria prior to their destruction, even if transiently. To test this, we overexpressed various NSD substrates in the A549 cells, grew the cells in the presence of MG132 to reduce substrate degradation, fractionated the cell-free extracts and tested the presence of the NSD substrate proteins in the mitochondrial fraction versus in the cytosolic or nuclear fractions. Of note, the mitochondria-associated membrane (MAM) is recognized as a specialized membrane subcompartment, linking the mitochondria to the endoplasmic reticulum (ER)-peroxisome network [33, 34] . Recent evidence suggested that the MAM-associated MAVS serves as an early docking platform for mitochondrial recruitment of RIG-I and TRAF3, and that this is important for IFN induction [35] . Calnexin is a specific marker for the MAM-ER-peroxisome complex and is absent in highly purified, MAMfree mitochondria [35, 36] . We first confirmed the purity of the subcellular fractions through the use of these wellestablished markers [35, 36] , i.e., tubulin for cytoplasm, nucleolin for nucleus, Cox-1 for mitochondria and calnexin for MAM-ER-peroxisome complex ( Figure 3A , all top panels). In particular, the lack of calnexin in our mitochondrial fraction suggested the absence of MAM.
We then found that a substantial portion of the examined NSD substrates, which are normally cytosolic proteins ( Figure 3A , middle left panel), localized to the mitochondria when NS proteins were coexpressed ( Figure 3A , middle center panel, the lane boxed with broken lines) and their cytosolic portions were concomitantly reduced. This cytosol-to-mitochondria relocation was not observed in MAVS KO cells ( Figure 3A , the right panels). Interestingly, the majority of overexpressed NS proteins was also detected in the mitochondrial fraction in WT cells, whereas most of them were present in the cytosol in MAVS KO cells. Taken together, these results suggest that the NSD substrates, together with the NS proteins, may use MAVS to translocate to the mitochondria for the eventual degradation reaction. These findings encouraged us to test the MAVS-dependent recruitment of NSD to the mitochondria in vitro. We incubated the three components, namely mitochondria, NSD and affinity-purified epitope-tagged substrates, in the presence of the proteasome inhibitor, pelleted the mitochondria and the bound proteins by centrifugation, and analyzed the presence of specific proteins by immunoblotting. We tested two NSD substrates that are involved in the IFN induction and response pathways, respectively. The results show that both NSD substrates (IRF3 and STAT2) indeed associated with mitochondria in an NSD-and MAVS-dependent manner, whereas STAT1 did not associate with mitochondria regardless of the presence of NSD and/or MAVS ( Figure 3B ), thus recapitulating the intracellular (ex vivo) NSD substrate profile in the cell-free assay (in vitro).
IFN-signaling suppression by NS proteins requires mitochondrial MAVS
To ascertain the physiological relevance of the MA-VS-mitochondria axis in immune suppression, we tested whether this axis has a bearing on type I IFN signaling. We performed two types of luciferase (Luc) assays using reporter plasmids that contain the IFNβ promoter and the IFN-responsive ISGF54 gene promoter, respectively. Whereas the former is a measure of IFN induction pathway, the latter measures IFN response, and we have previously shown that both reporter activities are suppressed by the NS proteins [27, 28] . As before, we triggered the IFN induction pathway by infecting the cells with NS-deleted RSV (RSV∆NS1∆NS2) [27] and found that this induction is severely defective in the MAVS KO cells ( Figure 4A In testing the function of NS proteins in this system, we found that NS1 and NS2 suppressed both pathways in WT cells ( Figures 4A and 4B , left panels), confirming our previous findings [27] . In the MAVS KO background, the role of NS proteins could not be determined for the IFN induction pathway, as this pathway could not be activated in the first place. Nonetheless, the IFN response pathway was operational in both WT and MAVS KO cells ( Figure 4B , V lanes). We found that the NS proteins were almost completely ineffective in suppressing the IFN response pathway in the MAVS KO background. Overall, the evidence presented so far shows that mitochondrial MAVS is co-opted by NSD to degrade IFN signaling-related NSD substrates, which is likely essential for RSV to antagonize IFN production and action. The virological relevance of this finding was investigated by testing RSV replication, which revealed that NS-deleted RSV exhibited impaired virus replication compared with normal RSV in WT cells, although this discrepancy disappeared in the MAVS KO cells ( Figure 4C ). Overall, these results indicate that NS function is highly defective in MAVS-deficient cells.
NS function is independent of MAM-associated MAVS
As mentioned earlier, besides mitochondrial MAVS, a subset of cellular MAVS binds to MAM, which serves as the major signaling molecule (platform) for RIG-Imediated IFN induction [35] . Recent studies have also The top panel shows the relative purity of each subcellular fraction (T = total lysates; Cyt = cytosol; Nuc = nucleus; Mito = mitochondria) using fraction/organelle-specific markers: tubulin for cytosol, nucleolin for nucleus and Cox-1 for mitochondria. The lack of calnexin in the mitochondrial fraction excludes the presence of MAM, peroxisomes and ER and indicates its relative purity. Transfection of NS promotes the appearance of all examined NS targets in the mitochondrial fraction (box with broken line) in WT (MAVS + ) cells, not in MAVS KO cells. MAVS expression was detected in the mitochondrial fraction; in contrast, LGP2 and L13a are never found in the mitochondria, regardless of NS overexpression (bottom row). NS proteins (lowest row) were largely detected in the mitochondrial fraction. A small, basal level of IRF3 is found associated with mitochondria in the absence of NS, likely reflecting its natural affinity for mitochondrial Bax [37] . (B) Intracellular (in vitro) complex of NSD, its substrates and mitochondria. Mitochondria purified from WT and MAVS KO MEFs were employed in reconstituted NSD reactions as described in Figure 2B in the presence of 20 µM MG132. Following incubation for 10 min at 32 °C, the mitochondria were pelleted by centrifugation at 10 000× g for 10 min at 4 °C, and the pellets were analyzed by SDS-PAGE immunoblotting. Only the complete reactions (lane 1) containing all three components (NSD, mitochondria and substrate) allowed the association of substrates with mitochondria. STAT1, a non-substrate, did not associate. Cox-1 served as the mitochondrial marker.
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npg revealed that hepatitis C virus (HCV) is a robust suppressor of the IFN response pathway [40] and that the viral NS3/4A protein, a serine protease, achieves this by specifically and efficiently degrading MAM-associated MAVS [2, 35, 41] . However, NS3/4A protease leaves the mitochondrial MAVS intact [35] . This provides us with an in vivo strategy of interrogating the role of MAM-MAVS in the RSV NS1/2-mediated immune suppression. We used the previously authenticated cell line in which NS3/4A expression could be induced by doxycycline withdrawal (−Dox) [35] . We confirmed that upon doxycycline withdrawal, nearly half of the total MAVS was cleaved and the MAM-associated MAVS disappeared, whereas the mitochondrial MAVS indeed survived (Figure 5A, top panel) . Next, we inhibited the proteasomal activity by MG132 to better study the expression of RIG-I and STAT2 in these cells. For both proteins, induction of NS3/4A expression did not inhibit their NS-mediated recruitment to the mitochondria ( Figure 5A ; middle panel, the lane boxed with broken lines). Consistently, as a negative control, the non-substrate of NSD LGP2 did not translocate to the mitochondria under any condition; the mitochondrial localization of the majority, if not all, of NS1 and NS2 was also confirmed ( Figure 5A ; bottom panel). The loss of MAM-MAVS-dependant function was confirmed by the lack of poly(I:C)-triggered induction of p56, a member of the IFN-stimulated gene (ISG) family, in NS3/4A-on cells (−Dox), whereas this induction was normal in the control, NS3/4A-off cells (+Dox) ( Figure 5B ). We then tested the ability of NS1/2 to suppress the IFN response pathway using the ISGF54-Luc reporter assay in these cells. NS1 and NS2 were found to be equally active in +Dox and −Dox cells ( Figure 5C ). Lastly, results of the in vitro reconstituted NSD reactions show that, unlike purified mitochondria, purified MAM failed to enhance NSD degradative activity ( Figure  5D ). Together, these results and those shown in Figure  3 strongly suggest that in contrast to the innate immune signalosome, which assembles on MAM-MAVS, the NS-enlisted innate immune degradasome assembles and functions on the mitochondrial MAVS. Once we found that mitochondria played a critical role in immune suppression, it was pertinent to ask how this novel mitochondrial function intersects with the known properties of this organelle. First of all, mitochondria are well known for their energy-generating role through oxidative phosphorylation and ATP synthesis. Second, in live cells, the mitochondria undergo dynamic changes in length and shape through fusion and fission [43, 44] . Lastly, the mitochondria are also highly motile and swim around the cytosol through the use of the contractile microtubule network [45, 46] . In the following sections, we IFN induction and IFN response were quantified by the appropriate Luc reporter assays, and RSV growth was measured by plaque assay in Hep-2 cells as previously described [28, 38] . NS1 and NS2 plasmids have also been described before [28] , and V is the empty vector control. WT and MAVS KO MEFs were infected with NS1/2-deleted RSV. Where indicated, NS1 and/or NS2 proteins were overexpressed. (A) IFN induction. IFN gene activation was evaluated by the luciferase assays using constructs containing IFNβ gene promoter. (B) IFN response. The ability of NS1/2 to suppress the host cell response to recombinant IFNα was tested by using the ISGF54-Luc reporter assays, and suppression was considerably reduced in MAVS KO cells. (C) RSV growth. Monolayers of WT and MAVS KO MEFs were infected at 1 m.o.i. in the presence of increasing amounts of recombinant IFNα as shown [39] , and infectious progeny virus, liberated after 24 h, was plaque assayed by serial dilution. inquired whether these mitochondrial properties have any bearing on the NS-mediated IFN signaling antagonism.
Mitochondrial ATP synthesis and respiration are not required for NSD function
Mitochondrial oxidative phosphorylation is a significant source of cellular ATP under aerobic conditions. We now know that NSD is associated with mitochondria and that the microtubules also need ATP to drive mitochondrial movement. Moreover, it is possible that the in vivo assembly of NSD on mitochondria utilizes mitochondrial ATP. On the other hand, recent proteomic analysis of the A549 cells revealed that the expression of a subset of mitochondrial proteins suffered reductions upon RSV infection, which included the respiratory complex I protein and NADH dehydrogenase subunit 10 [47] . As such reductions likely affect mitochondrial ATP synthesis, we inquired whether or not the mitochondrial ATP synthesis plays a role in NSD function. We took advantage of the human C4T cell line [48] , in which a frameshift mutation in the mitochondrial DNA (mtDNA)-encoded ND4 gene resulted in no assembly of NADH dehydrogenase, and a complete loss of enzyme activity, respiratory function and mitochondrial ATP synthesis. The primary source of ATP in these cells is glycolysis. In the control "WT" cell line, C4T-aav, the NADH dehydrogenase activity was fully restored by the introduction of the homologous Saccharomyces cerevisiae NDI1 gene [48] . In these two cell lines, mitochondrial length was essentially identical (Figures 6A and 6B ) and so was NS degradative activity, as measured by using STAT2 and RIG-I as substrates ( Figure 6C ). Thus, NSD functionality does not depend on mitochondrial generation of ATP. In other words, if any step of NSD assembly or function is ATP-dependent, cytoplasmic ATP likely meets the requirement.
Shorter mitochondria correlate with better NSD function
In our laboratory, we routinely perform plasmid transfections at near 100% cell confluency of the monolayer. However, we made the serendipitous discovery that whenever confluency was lower, NSD function, as measured by degradation of transfected targets, seemed to be less efficient. To quantify this effect, we plated A549 cells at varying densities, transfected the monolayer with FLAG-STAT2 and NS2, and quantified the STAT2 protein levels. As shown in Figure 7A , NS2 degraded nearly 90% STAT2 in fully confluent monolayers, but the degradation started to drop at 80% confluency. At even lower confluency, we observed progressively lower expression of STAT2 (being essentially undetectable at 30%), perhaps due to poor transfection efficiency, but nonetheless, the inefficiency of NS2 in degrading STAT2 was clearly discernible as higher percentages of STAT2 remained undegraded. In our search for a mechanism of this defect, we came across a report [49] revealing that cells in the G0/G1 phase have the shortest mitochondria, and we entertained the possibility that a near 100% cell confluency may have a similar effect on mitochondrial length. Indeed, when we measured the mitochondrial length at various cell densities, the average length at 100% confluency was only about 1 µm ( Figure 7B and 7C) , comparable to that reported for cells at G0/G1 phase. The length dramatically increased to about 4 µm at 80% confluency and continued to increase upon further reduction in cell density, eventually reaching a plateau of 6 µm at 30% confluency. Thus, shorter mitochondria appear to be of greater assistance to NS function. Because of the noted confluency dependence, all our standard NSD-mediated degradation assays (unless specified otherwise) were performed using cultures of 100% confluency.
To further validate this finding, we used a genetic approach. Mitochondrial fusion in higher eukaryotes requires at least two essential GTPases, mitofusin1 (Mfn1) and mitofusin2 (Mfn2), which are ~60% identical in amino acid sequences [50] [51] [52] [53] . Loss-of-function of either protein shifts the dynamic equilibrium from fusion to fission, leading to shortening of the mitochondrial filaments [54] . We first silenced the expression of either Mfn gene using specific siRNA and then tested NSD function by immunoblotting in cells transfected with FLAG-STAT2 and NS plasmids. Microscopic length measurement showed that in a 100% confluent monolayer, where the mitochondria are already at their shortest states (Figures 7B and 8B ), Mfn siRNAs did not cause any further shortening ( Figure 8B ). However, at 55% confluency, where the mitochondria are much longer in average, mitochondrial shortening induced by Mfn1 or Mfn2 depletion was evident ( Figure 8B) . When NSD function was tested, mitochondrial shortening was found to correlate with increased NSD activity, i.e., a higher percentage of STAT2 was degraded either at higher cell confluency or upon Mfn depletion ( Figure 8C ). In conclusion, in both growth-related (confluency) and genetic (Mfn-based) studies, shorter mitochondria seemed to facilitate NSD function.
As the role of mitochondria in NSD-mediated degradation could be recapitulated in vitro ( Figures 2B and  3B) , we wondered whether mitochondria of various sizes could also differentially regulate NSD activity in vitro. To this end, we purified mitochondria from the A549 cells that were either fully confluent, or only 55% confluent, and from cells in which Mfn1/2 have been knocked down by RNAi (Figures 8A-8C ). Various amounts of these mitochondria were then used to reconstitute NSD- [35] were grown as described in Materials and Methods, and the expression of NS3/4A, which leads to MAM-MAVS cleavage, was induced by replacing Dox-containing media with Dox-free media. Induction of NS3/4A expression was confirmed by immunoblotting (data not shown). (A) Immunoblotting analysis of cell fractions was carried out as in Figure 3 . The full-length (70 kD) and cleaved bands of MAVS are indicated by FL and C, respectively. (B) Cells in 12-well plates were transfected with 20 µg of poly(I:C) per well, and 10 h later, the total cell extracts were immunoblotted for p56 using specific antibody [42] . Actin served as a loading control. (C) IFN-activated reporter assay was performed in cells with or without NS3/4 expression. (D) In vitro degradative activity of NSD towards STAT2, with or without supplementation of mitochondria or MAM (purified as in A), was tested as in Figure 2B . mediated FLAG-STAT2 degradation assay in vitro. Results clearly show that when same amounts of mitochondria were added to the reaction, the shorter mitochondrial populations (those isolated from fully confluent or Mfn KO cells) are much more proficient in assisting NSD than the longer populations (those isolated from less confluent, Mfn-positive cells) ( Figure 8D ). These results suggest that the surface-to-weight ratio of mitochondria is an important factor in regulating NSD activity.
Mitochondrial motility is essential for NSD function
Mitochondria utilize the contractile force of the microtubules for their intracellular motility, but its significance and regulation remain elusive [45] . It is also currently unknown whether such movements have any impact in innate immunity. To investigate this possibility, we tested NSD function in cells treated with nocodazole, a microtubule-depolymerizing agent known to stop mitochondrial movement [46] . The inhibition was ascertained by live cell imaging of mitotracker-stained cells and by measuring multiple point-to-point distances over a time period [46] . Indeed, nocodazole treatment slowed down the average speed of mitochondrial movement to nearly one-sixth of that of the control cells ( Figures 9A and 9B) . Interestingly, in nocodazoletreated cells, degradation of STAT2 and RIG-I by NS1/2 was highly inhibited ( Figure 9C) . These results suggest a correlation between optimal mitochondrial motility and immune suppression by viral NS proteins, although alternative explanations such as a direct role of the microtubule network in NSD assembly cannot be ruled out.
Discussion
The mitochondria act as hubs for a multitude of chemical reactions that are essential for the life and death of all eukaryotic cells. The behavior of these highly dynamic organelles has remained enigmatic; implications of mitochondrial fission, fusion and motility, and events that control them have remained largely unknown. The most recent addition to the list of mitochondrial functions is their role in pathogen-activated innate immunity [5, 55] . A critical discovery is that the ~70 kD mitochondrial membrane protein MAVS serves as an adaptor for activated RLRs, which then sets off a cascade of signaling reactions, ultimately leading to the induction of antiviral and inflammatory responses mediated by type I IFN and NF-κB pathways. Our results here show that mitochondria and MAVS in fact play dual roles: they are essential not only for induction but also for suppression of the innate immune responses. A conjectural structure of the mitochondria-assembled NS degradative complex is presented as a working model in Figure 10 .
The precise composition of the NSD needs to be determined, but it appears that the 300-750 kD fractions (Figure 2 ) harbor the core enzymes containing proteases or proteasomal activity. The mammalian proteasome consists of a 20S core enzyme that is roughly 600-700 kD in size [56] . Thus, the higher-molecular-weight fractions of NSD may be large enough to accommodate the 20S core, whereas the lower-molecular-weight fractions (300-500 kD) may represent various subsets of the larger complex, which are formed possibly due to the dissociation of various subunits, reflecting weak associations among these subunits. The core complexes may be stimulated or stabilized through their association with mitochondria to form the holoenzyme. The large amounts of NS1/ NS2 that were excluded from the column fractions could be associated with mitochondria. We have not further npg characterized this pool of NS proteins due to the overall complexity of this pool that also includes other cellular organelles and structures. Nonetheless, the separation of some NSD from the mitochondria during chromatography seems to indicate that this mitochondrial association is labile. The overall metastable nature of the complex and the variable associations of various subunits may constitute important aspects of NSD regulation in vivo. Attempts are currently being made to immunoprecipitate the NSD complex using the FLAG tag attached to NS1/ NS2 to determine its protein composition and to find out whether ubiquitin pathway enzymes and/or proteasomal subunits are integral components of NSD or are adventitiously associated. Moreover, finding of non-proteasomal proteases in the NSD will help explain the incomplete inhibition of NSD degradative activity by MG132; in fact, complex roles of both proteasomal and non-proteasomal proteases have been recently inferred in the negative regulation of IRF3 during viral infection [57] .
In the current study, we began with an apparent enigma of how the NSD recruits and targets proteins with little or no sequence similarity. Our finding of MAVS dependence of this event provides a potential integration point for this diversity. We hypothesize that NS1 and/ or NS2 have a yet unknown MAVS-binding domain that serves to anchor the NSD to mitochondria and that additional interactions between NSD subunits and mitochondria may also form to stabilize an otherwise metastable core complex (Figure 10) . A recent study has indeed shown a direct interaction of NS1 with MAVS [17] , but the domains of interaction have not been mapped. To date, nearly three dozen proteins with little or no discernible sequence similarity have been shown to bind MAVS, and the list seems to be growing [5] . These proteins regulate a diverse array of cellular events including, but not limited to, inflammation, apoptosis, autophagy and antiviral response (such as the NSD substrates presented here). Some of the NSD substrates are also known to bind MAVS. Specifically, the CARD domains of RIG-I and MDA5, RLR family members, interact with the single N-terminal CARD domain of MAVS by heterotypic CARD-CARD interaction, whereas LGP2, the third member of the RLR family, lacks the CARD domain and thus fails to bind MAVS [1, 3, 4, 10, 12, 58, 59] .
Figure 7
Higher cell confluency correlates with better NSD function. An estimated volume of A549 cell suspension was seeded to achieve roughly 60% confluency upon seeding, and decreased percentages of this amount (e.g., 80%, 70% etc as shown) were seeded in other wells. Next morning, when the first well reached full confluency, the confluency of the other wells was confirmed by microscopy. (A) NSD function assay. Once a series of cell confluency was achieved, all wells were transfected with FLAG-STAT2 and FLAG-NS2 plasmids; 24 h later, cell lysates were harvested and analyzed by immunoblotting as in Figure 1 TRAF3 interacts with at least one (aa 455-460) of the three TRAF-interacting motifs of MAVS; TBK1, IRF3 and IRF7 bind to the central region of MAVS; and IKKε binds to a region close to the C-terminal mitochondrial transmembrane (TM) domain of MAVS [5] . It is conceivable that tethering of these substrates to MAVS facilitates the recruitment of the NSD-substrate complex to mitochondria. This is consistent with the finding that LGP2 does not bind MAVS, is not recruited to the mitochondria ( Figure 3A ) and is not degraded by the NS proteins (Figure 1) . Lastly, as MAVS appears to be the linchpin of both IFN signaling activation and suppression, it may also serve as a competing ground for the two events, such that occupancy of MAVS by the NSDsubstrate complex in the RSV-infected cells may prevent the recruitment of the RIG-I-downstream IFN-activating factors such as TRAF2/6, RIP1 and TRAF3. Thus, NS may act to suppress innate immune activation even before the NSD substrates are degraded, with the following degradation leading to a more durable and irreversible suppression of innate immune responses.
The exact reason for the need of short and motile mitochondria for optimal NSD function will require further study. Our evidence suggests that mitochondrial length and motility are independent parameters, as neither Mfn knockdown nor cell confluency had a significant effect on mitochondrial motility (data not shown). We speculate that the mitochondrial fission likely increases the available mitochondrial surface area, allowing more MAVS to be available and more spaces for NSD to assemble. Mfn1 and Mfn2 are both involved in the IFN activation pathway, but in different ways. Mfn1 knockdown attenuates virus-activated RIG-I signaling [35, 55, 60] , whereas Mfn2 knockdown, which specifically disrupts MAMmitochondria contacts [61, 62] , enhances RIG-I signaling and increases the host-cell resistance to HCV and vesicu- Degradative activity of transfected NS1/NS2 towards STAT2 was assayed in normal and Mfn-deficient cells, and the remaining STAT2 levels were determined as described in Figure 7A . (D) In vitro demonstration of higher efficiency of shorter mitochondria in facilitating NSD activity. Mitochondria were purified from the following A549 cells: 98% -100% confluency (•); 55% confluency (∆); Mfn1/2 knockdown in 55% confluent monolayer (▲). Varying amounts of these mitochondria were employed in NSD reactions with fixed amounts of immune-purified FLAG-STAT2 and NSD, as described in Figure 2B , but the reaction was incubated for 15 min only. In reactions with lower amounts of mitochondria, the total volume was made up with the mitochondria storage buffer. As before, mitochondria alone (□) had little or no degradative activity. lar stomatitis virus [35] . Interestingly, the suppression of innate immunity by NS1/2 was enhanced by the loss of either Mfn (Figure 8 ), supporting that mitochondrial association is sufficient for NSD activity. This is further confirmed by our finding that methyl-β-cyclodextrin, a drug that disrupts MAM-mitochondria contacts via an Mfn-independent mechanism [62] , also did not inhibit NSD activity (data not shown). Interestingly, there may be an intriguing relationship among mitochondrial length, cell confluency and RSV , in which the subunits may be only loosely attached. NSD is stabilized by recruitment to MAVS on motile mitochondria, perhaps allowing recruitment of other host factors, such as chaperones and ubiquitination pathway proteins [18] . Both NS proteins may have the capability to interact with MAVS, if in proper spatial juxtaposition. We propose that mitochondrial motility allows rapid scavenging in the cytosol to collect and assemble all the subunits of the complex, and that mitochondrial fission provides a larger mitochondrial surface area, allowing more efficient use of a greater number of MAVS and other membrane structures if needed, free of space constraints.
growth. First, mitochondrial length oscillates during the cell cycle, being the shortest at the G0/early G1 phase and the longest at the mitotic phase [49] . Second, cell cycle arrest and RSV growth seem to reinforce each other. In cell culture, cell cycle arrest facilitates RSV growth. Reciprocally, RSV infection of pulmonary epithelial A549 cells leads to significant cell cycle arrest at the G0/G1 phase [63] [64] [65] . This may be mediated in part by the viral matrix protein M that promotes p53 and p21 accumulation and decreases phosphorylation of the retinoblastoma protein (Rb) [66] . The ability of the M protein to traffic to the nucleus [67, 68] may underlie this proviral effect. In addition to the M protein, recent studies have revealed that NS1 itself may also promote cell cycle arrest [69] , which likely facilitates its IFNsuppressive function. Based on these, it is tempting to speculate that the ability of RSV M and NS1 proteins to hold the infected host cells at the G0/G1 phase may help virus growth and that the enhanced suppression of innate immunity by NS1/2, when the mitochondria are shorter at this phase, may in part contribute to the virus growth. Studies of mitochondrial size and NS function in synchronized cells should shed lights on this intriguing possibility.
Our results constitute the first evidence suggesting a role of mitochondrial movement in the regulation of innate immunity. The underlying mechanism is currently unknown. Nonetheless, it is reasonable to propose that mitochondrial movement throughout the cytosol allows them to access the various subunits of the NSD at a much faster rate than that of passive diffusion to a stationary organelle. In conclusion, our discovery of a central role of mitochondria in innate immune suppression has opened new directions for further studies in the future.
Materials and Methods
Cell culture, transfection and western blot analysis
These procedures were carried out as described previously [27, 28] . MAVS (−/−) and its corresponding WT MEFs were kind gifts from Robert Silverman (Cleveland Clinic). The stable cell line, expressing HCV NS3/4A protease from a Tet-OFF promoter [70] , was a kind gift from Michael Gale (University of Washington); it was maintained in the presence of G418 (400 µg/ml), puromycin (1 µg/ml) and doxycycline (Dox) (1 µg/ml). To induce NS3/4A expression in these cells, the media were replaced by Dox-free media. C4T and C4Taav cells, generated in the Attardi laboratory [47] Texas Health Sciences Center, San Antonio, USA). All recombinant plasmids used here contain FLAG tag, except that IRF3 contains a V5 tag and MAVS and L13a are HA-tagged. The FLAG-RIG-I and V5-IRF3 clones have been described [37, 71] ; all other clones were described previously [27, 28] . Unless otherwise stated, all transfections were done in 100% confluent monolayers of cells (as stated earlier) using indicated amounts of plasmids. The A549 cells were transfected using Lipofectamine 2000, and all mouse cells were transfected using Lipofectamine LTX with PLUS reagent (Invitrogen/Life Technologies). All immunoblots were probed with the appropriate antibody, followed by the corresponding secondary antibody conjugated to horseradish peroxidase and developed using the ECL Prime kit (Pierce). All tag (FLAG, V5) antibodies were purchased from Millipore and non-tag antibodies from Santa Cruz. Bands were detected in the LI-COR Odyssey Fc imaging system, and the intensities were quantified with the integrated LI-COR software and normalized against actin.
In experiments requiring confluency measurement, the cells were grown in dishes with grids (Fisher Scientific) and low-magnification grayscale images of five different regions were captured in JPEG format using an AMG-EVOS digital inverted microscope. Each image was analyzed by NIH ImageJ software [72] , whereby the contour of the covered regions were manually marked by the mouse cursor and the fraction of the area covered by cells was calculated. Averaged confluency from the five regions was used as an estimate of the overall confluency.
Fractionation of cell lysates
For the isolation of NSD, approximately 10 6 cells in fully confluent A549 monolayer, grown in DMEM with 10% fetal bovine serum, were transfected with 30 µg each of codon-optimized pCAGGS-NS1 and pCAGGS-NS2 [28] . At 24 h post transfection, the monolayer was rinsed with PBS and lysed in a total volume of 200 µl Buffer A (50 mM Tris-acetate, pH 7.6; 150 mM NaCl; 0.5% NP-40; 15% glycerol; 0.5 mM DTT) by incubating in ice for 10 min, followed by scrapping and pipetting. Cell debris was removed by centrifugation at 2 000× g for 5 min in cold. The supernatant was loaded on a 10 × 300 mm Superdex 200 10/300 GL column (GE Healthcare) equilibrated with Buffer A minus NP-40 and developed in 80 ml of the same buffer. A total of 80 fractions (1 ml each) was collected, and aliquots of each fraction were dialyzed against the same buffer with 20% glycerol (instead of 15%) using a Rapid Equilibrium Dialysis (RED) Device (Thermo Scientific) in cold. The fractions were analyzed by immunoblotting and in vitro degradasome assay as described in the respective experiments.
Purification of subcellular fractions
Each subcellular fraction was purified from the equivalent of 2 × 10 7 cells grown in fully confluent monolayers. To isolate the nuclei and cytosol from various cells (A549, mouse WT MEF or MAVS KO MEF), we used the Nuclei PURE prep nuclei isolation kit NUC-201 (Sigma-Aldrich). After cell lysis, half of the lysate was centrifuged at 120 000× g for 30 min, and the supernatant was considered as the cytosolic fraction. The nuclei were purified from the other half by following the manufacturer"s protocol.
Mitochondria were first purified using the "Mitochondria isolation kit for cultured cells" (Thermo Scientific; Product# 89874) using the "Reagent-based" procedure and the recommendation for higher purity (centrifuging at 3 000× g instead of 12 000× g). This preparation, containing mitochondria and MAM, was further subjected to Percoll gradient as follows [35, 36] . The 3 000× g pellet from the kit procedure above was resuspended in 0.1 ml of mannitol buffer (0.25 M D-mannitol, 5 mM HEPES, 0.5 mM EGTA, pH 7.4). The suspension was layered on a 30% Percoll gradient and centrifuged at 95 000× g for 65 min. The visible series of mitochondrial bands in the middle section of the tube and the single MAM band just above them were collected by puncturing. Both fractions were washed twice with the same mannitol buffer as above (except that the HEPES concentration was increased to 25 mM) by centrifugation at 6 500× g, 10 min, resuspended in the same buffer plus 10% glycerol to a final concentration of 20 mg/ ml protein (by Bradford assay) and stored frozen at −80 °C. The final yields of mitochondria and MAM from 2 × 10 7 cells were approximately 2 and 0.5 mg (protein), respectively.
Reconstitution of NSD-mediated degradation assay
The substrates for the assay were prepared by immuno-precipitation from transiently transfected A549 cells as follows. Roughly 10 6 cells in fully confluent monolayer were transfected with 30 µg of the substrate plasmid clone (e.g., FLAG-RIG-I, FLAG-STAT2, V5-IRF3, HA-MAVS, HA-L13a, etc), and 24 h later, washed with PBS and lysed with 0.5 ml of standard RIPA buffer (50 mM TrisCl, pH 7.4, 150 mM NaCl, 0.5% each of Na-deoxycholate and NP-40, 0.05% SDS and manufacturer"s recommended amount of protease inhibitor cocktail (Roche)), and 75 µl of a 60% slurry of protein A-Sepharose (PAS) was added to it, followed by rotatory mixing for 30 min in cold. The mixture was centrifuged at 10 000 rpm. for 5 min. To the cleared supernatant, appropriate amount of tag antibodies (against FLAG, V5 or HA) and the same amount of PAS as above were added, and mixing was performed for 2 h in cold. The mixture was centrifuged as before and the pellets were washed three times (200 µl each) with wash buffer (50 mM TrisCl, pH 7.4, 150 mM NaCl, 0.5% NP-40, 20% glycerol) and were finally incubated in 200 µl of the same wash buffer containing the appropriate tag peptide (Sigma-Aldrich) at 100 µg/ml for 30 min at room temperature with gentle rotation. The mixture was centrifuged at 10 000× g for 10 min at room temperature and the supernatant containing the eluted tagged protein was used in the degradation assay described below.
Unless otherwise stated, the NSD assay mixture consisted of the following in a reaction volume of 20 µl: 2-4 µl (depending on amount eluted) of the substrate as above, 2-8 µl (depending on activity) of each dialyzed fraction (or the pooled fraction, where mentioned) from the Superdex column and 2 µl of the purified mitochondria (40 µg protein) in buffer A (described earlier) plus 0.2 mM ATP. The reaction was scaled up based on the number of time samples had to be withdrawn for immunoblotting analysis. The mixture was incubated for various periods at 32 °C, and at the indicated times aliquots were taken and mixed with equal volume of 2× Laemmli sample buffer, boiled, cleared by brief centrifugation and analyzed by SDS-PAGE and immunoblot using appropriate tag antibody.
Mitochondrial measurements
Mitochondrial length and motility were measured by digital fluorescence microscopy of live cells [49] , stained with the MitoTracker Deep Red FM dye (Molecular Probes, Life Technologies). Cells were grown on coverslips, stained with MitoTracker and observed in a Nikon A1RSI Spectral Confocal Microscope System equipped with Ti-E inverted microscope with Perfect Focus system and NIS-Elements C image analysis software. To determine mitochondrial length, a stained cell was displayed on the monitor and the display was calibrated to correlate pixels to micron length. Length of each recognizable mitochondrion was determined by scrolling the whole length with the cursor. About 20 mitochondria per cell and in 10 cells were thus measured, and the average length was calculated.
The movement was also quantified in the same manner by capturing video frames every 5 s for 1-2 min. The frames were displayed on the screen and a recognizable spot on the mitochondria was followed over time. All motions (anterograde, retrograde, turning) in all the three axes (x, y, z) were measured and added together. Roughly 20-25 spots were tracked per cell, 10-15 cells were examined and the average motility was calculated.
Statistical analysis
Changes between treatment groups of cells or between sets of in vitro experiments were analyzed by one-way ANOVA and then by Student"s t-test with Bonferroni correction. All numerical data were collected from at least three separate experiments. Results were expressed as mean ± SEM (error bars in graphs). Differences were considered to be significant at P < 0.05.
